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ABSTRACT
Mammary gland is a unique organ with its function of milk synthesis, secretion, and involution to prepare the gland for subsequent lactation. The
mammary epithelial cells proliferate, differentiate, undergo apoptosis, and tissue remodeling following a cyclic pathway in lactation – involution –
lactation cycle, thus fine tuning the molecular events through hormones, and regulatory molecules. Several studies are performed on the mammary
gland development, lactogenesis, and involution process in molecular details. The developmental stages of mammary gland are embryonic, prepubertal, pubertal, pregnancy, lactation, and involution. Major developmental processes occur after puberty with hormones and growth factors
playing crucial role. The two major pathways such as Janus kinases-signal transducer and activator of transcription pathway and PI3K-Akt pathway
play a major role in maintaining the lactation. The involution process is a well-orchestrated event involving several signaling molecules and making
the gland ready for subsequent lactation. The review focuses on findings with molecular details of different stages of the mammary gland development
and signaling pathways involved in lactation–involution cycle. Deep insight into the developmental stages of mammary gland will pave the way to
understand mammary gland biology, apoptosis, oncogenesis, and it will help the researchers to use mammary gland as a model for research on
various aspects.
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INTRODUCTION
Mammary gland (modified sebaceous gland) is exocrine in nature
and made up of branched network of ducts ending in alveoli [1]. This
gland is an excellent system to study the molecular events occurring
in proliferation and differentiation of cells as well as cancer cell
development (oncogenesis) [2]. This organ is unique in the sense; it can
involute and regain its shape in each pregnancy-lactation-involution
cycle. Mammary gland development mainly occurs after birth regulated
by peptide and steroid hormones [3]. A complex cross-talk exists among
various proteins expressed in different stages (pregnancy, lactation,
and involution) during the functional mammary gland development.
Intensive efforts have been made to unravel the molecular mechanisms
involved in lactogenesis, apoptosis of mammary epithelial cells
(MECs), and organ remodeling [1,4-7]. A number of previous studies at
transcriptome level have been performed on this aspect. For example,
cDNA library prepared from pooled sample of bovine mammary
tissues - with a number of ESTs, paved the way for functional genomics
studies of mammary gland [8]. Similarly, DNA microarray study
comparing gene expression profiles of lactating and non-lactating
bovine mammary tissue revealed many novel and interesting
differentially expressed genes such as cell cycle regulators, mediators
of apoptosis, and oncogenes [9]. Microarray analysis of transcriptional
changes during pregnancy cycle of mouse mammary gland with a focus
on lactation–involution transition revealed putative roles of death
receptors and immune mediators in post-lactational regression [10].
Involution is associated with an immune cascade and acute phase
response genes such as LBP, CD14, and signal transducer and activator
of transcription (STAT)3 [11]. The CCAAT/enhancer binding protein
delta is a crucial regulator of pro-apoptotic gene expression positioned
with STAT3 at upstream and several pro- and anti-apoptotic genes at
downstream level. A number of differentially expressed genes were
identified by microarray analysis to understand the molecular events
during the transition from late pregnancy to lactation in the mammary
gland of Holstein cows [12].
It is observed that milk composition varies with stage of lactation which
is specific to each species [13]. Milk is rich source of bioactive peptides

(derived from milk proteins) which have antioxidant and antibacterial
property [14]. Thus, it is important to understand the molecular events
occurring during lactation which will help to unravel more about the
milk components. This review focuses on the molecular details of
mammary gland development with latest findings on changes in the
mammary gland during pregnancy and lactation. This will help the
researchers to understand mammary gland biology and use this organ
as a model for different research area.
FUNCTIONAL ANATOMY OF MAMMARY GLAND

Mammary gland is a cutaneous gland such as sebaceous and sweat
glands, producing milk to feed the young offspring in female.
Histologically, it is a compound tubuloalveolar gland in the advanced
mammals originating from the ectoderm and evolved from apocrine
glands [15,16]. Bovine mammary gland is composed of two halves
separated by the median suspensory ligament which primarily supports
the udder along with the lateral suspensory ligament. Blood supply
is mainly through the external pudendal artery, and venous drainage
through the venous circle located at the base of the abdominal wall [16].
Mammary gland is made up of a branching network of ducts that end in
alveoli. Alveoli are the basic functional units of the milking mammary
gland and are grouped as lobules which connect to the collecting duct
system. Mammary gland is a complex secretory organ with number
of cell types: Epithelial cells (form the ductal network); adipocytes
(constitute the fat pad); vascular endothelial cells (form blood vessels);
stromal cells, including fibroblasts; and different immune cells [17]. The
epithelial cells are of two types: Luminal and basal. Luminal epithelia
form alveoli and duct system, whereas the basal one form myoepithelial
cells involved in milk ejection.
DEVELOPMENT OF MAMMARY GLAND

Hormones play significant role in mammary gland development through
distinct stages (Fig. 1). The mammary gland mainly consists of fat and
connective tissue before puberty, and there is moderate elongation of
epithelia into the fat pad which is not hormone-dependent. Ovarian
steroid hormones stimulate the extension, and branching of ducts after
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Fig. 1: A schematic overview of post-natal mammary gland development in mouse (redrawn from Andrechek et al. [18])
puberty is attained. The whole fat pad is occupied by the ducts due
to accelerated mitosis of epithelial cells. Further branching occurs in
pregnancy forming the lobules. Functional differentiation of epithelia
leads to milk secretion (lactation) after parturition. Involution stage
follows when milk suckling ceases, where epithelial cell apoptosis leads
to mammary gland regression. Further, tissue remodeling occurs leaving
the mammary gland as of a virgin female. Hence, mammary gland is
the appropriate system for study of organogenesis, cell differentiation,
apoptosis, and oncogenesis.

Mammary gland development in embryonic stage
The thickening of the embryonic skin cells (ectoderm) in ventral side
gives rise to mammary band, as the first sign of gland development [19].
The mammary band subsequently converts to streak, line, crest, hillock,
and mammary bud. Mammary gland of all species arises from the
bud. Each mammary bud differentiates to the primary sprout which
subsequently canalize at distal end to give rise to gland cistern. Further,
branching of primary sprout forms the secondary sprouts which develop
into mammary ducts. The fatty pad develops from mesoderm during
embryonic stage. Mammary lines (milk lines) appearing on 10.5 day
(E10.5) embryo is the first sign of mammary gland development in
both male and female embryos of mouse. These lines (multilayered
ectoderm) give rise to buds on ventral side of embryo extended from
the forelimb to hindlimb in anteroposterior direction. It is suggested
that epithelial placodes are formed through migration and coalescence
of ectodermal cells among mammary line [20]. Initiation of mammary
bud outgrowth and nipple formation seems to depend on interplay of
some proteins such as parathyroid hormone-related protein (PTHrP),
fibroblast growth factor 10 (FGF10), and bone morphogenetic protein
4 (BMP4) expressed in the placodes [21] during embryonic stage.
PTHrP expression from MECs occur by E11.0 and BMP4 expression
occurs both from epithelial and mesenchymal cells between E11.5 and
E14.5. Mammary bud and nipple development occur by interaction of
PTHrP and BMP signaling. The PTHrP enhances BMP receptor BMPR1A
expression in mesenchymal cells which interacts with BMP4. The
BMP4 signaling induces epithelial outgrowth, enhances MSX2 (msh
homeobox2) expression thus inhibiting formation of hair follicles
within the nipple sheath. At E16.0, the mammary sprouts branch out to
form tree-like gland with 10-15 small branches.
Mammary gland development from puberty to conception
Mammary gland development from birth to puberty is isometric
(i.e., similar to the growth rate of the body) in most of the mammals,
whereas allometric growth occurs after puberty is attained. Mouse
mammary gland development at puberty is studied more thoroughly.
The tips of the ducts called terminal end buds (TEBs) are club-shaped

structure having two types of cells: Outer cap cell layer and inner
core of body cells (multilayered). These TEBs proliferate resulting in
duct elongation due to rise of estrogen at puberty. The TEBs bifurcate
the ducts and form branches. Apoptosis of body cells lead to lumen
formation [22] and by 10-12 week of age, TEBs disappear as fat pad
limits are reached. The homeostatic event of side branching and cell
death is a crucial phenomenon in each estrous cycle after puberty.
Interplay of some regulatory molecules influences the ductal
branching and elongation [23]. The transcription factor GATA-3 in
body cells induces estrogen receptor α (ERα) expressing cell lineage
making the cells more receptive to estrogen. The GATA-3 – ERα
cross-talk is mediated by another protein FOXA1 [24]. The protein
sharpin (a multifunctional protein) has a role in the mammary gland
development as evidenced from studies in mice where targeted
deletion of sharpin gene caused reduction of ductal branching during
puberty [25]. Sharpin controls extracellular matrix (ECM) organization
of stroma during branching morphogenesis. Estrogen plays crucial
role in branching morphogenesis in virgin gland mediating its function
through two receptors: ERα and ERβ. The ERα-mediated action also
induces alveologenesis during late pregnancy and lactation [26]. The
apoptotic epithelial cells must be removed promptly during postlactational regression which is mediated by the protein MFGE8, and this
protein is also crucial in branching morphogenesis [27]. The MFGE8 is
produced both by luminal and basal epithelial (myoepithelial) cells.
Major hormonal changes precede the puberty with follicle stimulating
hormone and luteinizing hormone secreted from anterior pituitary
gland play crucial role. These hormones stimulate ovary to synthesize
the steroid hormones estrogen and progesterone. These hormones
influence ovarian cycle with estrogen dominating during follicular
phase (follicle growth occurs) whereas progesterone during the luteal
phase (corpus luteum [CL] development). The duct lengthening and
branching is also in harmony with two more anterior pituitary hormones
such as prolactin and somatotropin. Estrogen stimulates epithelial cell
division in TEB tips leading to duct lengthening and branching, whereas
progesterone induces duct and ductile cell proliferation leading to duct
widening. Progesterone and ERs appear in mammary gland at puberty.
Functional CL is observed in species such as cattle, buffalo, sheep,
goat, horse, and human which show long cycle where the CL produces
progesterone during luteal phase.
Mammogenesis during pregnancy
Mammary gland growth occurs significantly during pregnancy
where the growth rate is slow at the initial stage but increases as
the pregnancy proceeds. Mammogenesis progresses in exponential
manner throughout pregnancy in most of the species. Estrogen and
progesterone are the major hormones for optimal mammary growth.
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During the advancement of pregnancy, the fatty tissue is replaced
by ducts and ductules, alveoli, blood vessels, etc. It is clear that in all
species, alveoli development does not occur before pregnancy. The
lobuloalveolar development requires both estrogen and progesterone
that is why this growth pattern is not found in estrous cycle where
surge of either estrogen or progesterone occurs at a time. Progesterone
level remains high throughout pregnancy, whereas estrogen level is
high in second phase. This is the reason of most of the growth occurs
in 2nd phase. Duct and lobule formation predominates in first half; and
lobuloalveolar growth predominates in second half. The exponential
growth does not stop immediately in beginning of lactation. There is
accumulation of milk in the alveoli, loss of secretory cell occurs with
simultaneous regeneration of epithelial cells throughout lactation. The
ERs such as ERα and ERβ play distinct roles in normal mammary gland
development as well as in development of breast cancer [28]. There
is every possibility of increased risk of breast cancer due to increased
estrogen level [29] which shows the necessity of fine tuning of hormone
level for normal mammary gland development. Coordinated action
of prolactin and growth hormone (GH) also cause mammogenesis in
synergy with estrogen and progesterone. Another hormone called
placental lactogen (secreted from placenta) has prolactin and GH-like
activity. The hormone relaxin plays a role in preparing the reproductive
tract in late pregnancy for the parturition process [30].
The mammary gland development in human and mice are more or less
similar. Progesterone causes alveologenesis and alveoli differentiation
along with prolactin. Evidences for these functions came from the
experiments of Brisken et al. [31] and Ormandy et al. [32] who observed
the absence of progesterone and prolactin receptor leads to loss of
formation of side branching, alveoli formation, and differentiation. The
origin of alveolar luminal and basal cells is still not clear. Studies reveal
luminal and basal cells are derived from bipotent ductal progenitors,
whereas other evidences show existence of separate duct-limited
and lobule-limited progenitors in mouse and rat [33]. The signaling
pathways involved in Th-cell lineage commitment [23,24,34] also
play a role in mammary lineage development, although hormones
primarily regulate mammary gland differentiation [35] temporally.
The transcription factor GATA3 is also equally important in mammary
lineage development. GATA3 induces self-renewal of mammary stem
cells which asymmetrically divide to produce daughter cells, and these
daughter cells give rise to either basal or luminal progenitor lineage
cells. The cytokines interleukin (IL)4 and IL13 induce GATA3 and C-MAF
expression which further facilitate differentiation of alveolar cells [34].

Mammary gland during lactation
During pregnancy, elevated secretion of estradiol and progesterone drives
the allometric mammary growth, which continues in most species after
parturition for a variable period. The galactopoietic hormones such as
GH and prolactin play major role in mammary gland function. Prolactin
regulates different physiological processes such as lactation, immunity,
reproductive function, and electrolyte balance. [36]. It maintains the
lactation by acting through two signaling pathways such as Janus
kinases (JAK)2–STAT5 pathway and PI3K–AKT pathway [37,38] which
mediate milk protein, lipids, and lactose formation [39]. Prolactin binds
to prolactin receptor on MECs which activates the JAK-STAT signaling.
In this process, the transcription factor STAT5 is phosphorylated by
JAK2, and subsequently, the phosphorylated STAT5 enters the nucleus
and targets milk producing genes by regulating their transcription [35].
Milk protein, lipids, and lactose formation are mediated by the two
signaling pathways mentioned. Phospho-STAT5 regulates transcription
of milk protein genes, whereas AKT regulates lactose and lipid synthesis,
glucose transport, and milk protein translation. Studies on PI3K-AKT
activation in virgin mice revealed rapid activation of STAT5, terminal
differentiation of MECs, and ultimately milk production mediated by
prolactin [40]. The hormone GH is known to increase the uptake of
nutrients used for milk synthesis. GH acts indirectly on MEC, through
the production of insulin like growth factor (IGF)-I, to stimulate lipid
synthesis by maintaining activation of lipoprotein lipase and acetyl-CoA
carboxylase [41]. Cortisol is released during milking and is required to

maintain secretory activation of cells [42]. Local mammary factors also
play a role in maintenance of milk secretion, as milk removal is required
for continued milk secretion. Milk secretion is regulated in many
species by a factor called feedback inhibitor of lactation [43], which
blocks constitutive milk secretion through concentration-dependent
manner in autocrine fashion [44]. There is a gradual decrease in MEC
number after peak lactation leading to decreased milk yield [45], and
apoptosis is the major event reducing the cell number [46]. The protein
glutaredoxin-3 is playing a crucial role in mammary gland development
during pregnancy and lactation [47]. It promotes the lobuloalveolar
development by indirectly reducing the cellular ROS (reactive oxygen
species) level and enhancing the expression of milk protein genes as well
as proliferative genes for alveoli development. Another protein XBP1
(transcription factor) regulates biosynthesis in MECs by influencing
epithelial expansion and formation of estrogen in MECs [48].

Mammary gland during involution
The involution process is characterized by massive apoptosis of
secretory MECs along with remodeling of ECM and fat pad regeneration
through adipogenesis. An inflammatory cascade and acute phase
response are associated with these events. Various genes and number
of signaling pathways are involved regulating the involution through
immune response, apoptosis, phagocytosis, and tissue remodeling [7].
Involution takes place in two discrete phases. The first phase lasts
for approximately 48 hrs in the mouse and is reversible, whereas in
the second phase, a remodeling program is initiated that shapes the
gland to a non-pregnant state [6]. The first phase is characterized
by the appearance of shed, dying cells within lumen of alveoli
which become expanded by the accumulation of milk. At this time,
infiltration by neutrophils also occurs. Local factors regulate the first
phase, and there is no role of circulating hormones [49,50]. In the
second phase, cell death is accompanied by upregulation of matrix
metalloproteinases (MMPs) which are important in the remodeling
of the surrounding stroma, accompanied by adipocyte refilling, influx
of macrophages, and active plasma kallikrein formation that regulates
adipocyte differentiation and stromal remodeling [51]. The MMPs
such as MMP14 and MMP15 regulate adipocyte differentiation with
promoting deposition of white fat and brown fat, respectively [52].
Circulating factors regulate this phase and it is observed systemic
administration of glucocorticoids [6,53] halts this phase which
may act through the maintenance of tight junctions [54]. Increased
expression of tissue inhibitors of metalloproteinases leads to blocking
of MMP function in the first phase [55]. Milk stasis seems to be the
primary trigger of involution and cell death [49]. There have been
several suggestions as to how milk stasis might initiate involution
including mechanical stretch of the alveolar epithelium due to milk
retention in the lumen [56] or the buildup of secreted factors in the
milk. The plasma membrane calcium - ATPase 2 (PMCA2) which has
major role of transporting milk calcium (60-70% of milk calcium) gets
upregulated during lactation and also dramatically downregulated
during involution. The PMCA2 level was shown to be regulated by
changes in the shape of MECs [56]. Secreted factors such as LIF [57-59],
serotonin [60], and transforming growth factor-β 3 (TGF-β 3) [61]
are also important in inducing cell death as mice deficient for LIF
exhibited delayed involution while directed expression of TGF-β 3 in the
alveolar epithelium of lactating mice induced apoptosis without tissue
remodeling. Serotonin suppresses β-casein gene expression and causes
mammary alveoli to shrink. The most dramatic delay in involution is
seen when the transcription factor STAT3 is conditionally deleted in
mammary epithelium. Cell death and tissue remodeling are completely
abrogated in the absence of STAT3 [62], and the reversible phase of
involution is extended until at least 6 days post-forced involution [63].
A similar delay is observed when the upstream regulator of the nuclear
factor kappa B pathways, IKKβ, is conditionally deleted [64] suggesting
that crosstalk between these signaling pathways is required for the
process of involution and each pathway is necessary, but neither is
sufficient, to trigger cell death. STAT3 which is a member of STAT family
plays major role (Fig. 2) in the involution process [65]. This protein gets
activated in the first phase whereas STAT5a (higher level in lactation)
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Fig. 2: The signal transducer and activator of transcription 3 protein regulating the pathways and other molecules during involution
activity decreases. Components of apoptosis pathways have also been
implicated including death receptor ligands such as FasL [66] which
is important for apoptosis at 24 hrs involution, tumor necrosis factoralpha-related apoptosis-inducing ligand, which is upregulated by IL10 during involution [67]. Members of the Bcl2 family of apoptosis
regulators such as Bax, promotes cell death as deletion of Bax results
in a modest decrease in apoptosis in the first phase and Bcl2, which
promotes survival of the epithelium in a gain-of-function transgenic
model [68]. Loss of the antiapoptotic Bcl-xL accelerates involution [69].
During the second phase of involution, cell death occurs alongside
tissue remodeling and it is more difficult to discern delayed involution
phenotypes. However, removal of dead cells and residual milk is critical
for involution to proceed and subsequent successful lactation as
reduced phagocytosis in the absence of the bridging molecule MFGE8
results in inflammation and tissue scarring and subsequent failed
lactation [70,71].
Mammary stem cells are pluripotent in nature playing a role in tissue
repair and regeneration [72]. Studies suggest the origin of mammary
stem cells in adult stage is from the proliferating embryonic stem
cells of the mammary gland during embryogenesis which has become
quiescent in the adult stage [73].
GROWTH FACTORS AND CYTOKINES INVOLVED

The growth factors and cytokines play a crucial role in the normal
mammary gland development in each stage beginning from
embryogenesis. The growth factors also cross talk with hormones to
regulate gland development. The growth factors such as epidermal
growth factors (EGFs) and their receptors, FGFs and their receptors, and
IGFs and their receptors have direct involvement in mammary gland
development [74]. These growth factors play specific role whereas
steroid hormones, prolactin, and GH are major regulators of mammary
growth and differentiation. Increased expression of FGFs such as FGF1,
2, 4, 7, and 10 along with FGFR1 and FGFR2 is observed during ductal
branching [75]. The TGF-β family members play an important role in
ductal differentiation and branching morphogenesis; besides their
involvement in malignant ductal tissue patterning [76]. It is observed
that the protein termed CUB and zona pellucida-like domain-containing
protein 1 mediates its function to control gland development through
JAK2-STAT5 pathway during conception [77]. The IGF1 is essential
for lobule and alveoli development [78]. In all the processes of ductal
branching, alveolar differentiation, and lactation number of EGF family
ligands and their receptors are expressed [79]. The STAT protein
family includes the intracellular transcription factors which are mainly

activated by receptor associated JAK. There are 7 STAT proteins (STAT1,
2, 3, 4, 5A, 5B, and 6) identified in mammalian system and out of which
STAT1, 3, 5, and 6 play major role in mammary gland development [74].
STATs have no significant role in mammary gland development during
the embryonic stage. Specific time windows persist for STAT activity
in adult mammary gland. Constitutive expression of STAT1 and 3 is
observed in adult mammary gland; however, the active state of STAT1
(tyrosine phosphorylated) is found in virgin gland and in late stage
of involution (after mammary gland remodeling); whereas STAT3 is
active during involution [80]. Apoptosis in mammary gland is primarily
mediated by STAT3, and LIF is the physiological activator of STAT3 [58].
The STAT6 dominates during pregnancy whereas STAT5 is active in
lactation. The STATs become active as dimers by the JAKs and then enter
into the nucleus where they bind to motif TTCCNGGAA (palindromic)
and induce target gene transcription. Cytokines are the soluble proteins
playing major role in cell–cell interaction by inducing receptor and coreceptor expression. Cytokine receptors depend on JAK kinases [81] as
they lack intrinsic kinase property. The ligands that bind to receptor
families are mainly interleukins, LIF, and prolactin which influence the
mammary gland development and lactation. The atypical chemokine
receptor ACKR2 is found to be involved in mammary gland development
(branching morphogenesis) besides its primary function of regulation
of macrophage dynamics in lymph vessel development [82]. The
non-canonical WNT signaling pathway also regulates MEC growth
and branching morphogenesis where WNT5A enhances growth of
epithelium and WNT5B inhibits mammary proliferation [83].
CONCLUSION

The complex phenomena that occur in the mammary gland during its
development makes the researchers interesting to study the gland in
details to excel our research on organogenesis, apoptosis, and oncology.
This unique organ provides ample of informations on developmental
biology, and events occurring during pregnancy and lactation.
Lactogenesis is a major event in mammary gland, and its study will
facilitate for enhancing milk production in livestock both qualitative
as well as quantitative aspects. Present day research on the production
of transgenic animals secreting pharmaceuticals in milk is of great
interest, and this review will provide researchers comprehensive
informations on mammary gland development for the future study.
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